The Baculoviridae are a diverse family of pathogens that are infectious for arthropods, particularly insects of the order Lepidoptera. Nucleopolyhedroviruses (NPVs), a genus of the Baculoviridae, contain a large circular and double-stranded DNA genome within a rod-shaped virion. NPVs produce two types of virions during the infection cycle to bring about efficient viral replication within infected insect larvae and to spread virus from insect to insect in nature. Occlusion-derived virus transmits virus from insect to insect via oral infection, whereas budded virus (BV) spreads infection to neighboring cells (10, 33) .
Viral infection causes the deregulation of various host cellular pathways, some of which reflect cellular responses to infection, while others are the result of viral modification of cellular environments (37, 47, 55) . A common strategy that a virus uses to facilitate its infection and replication is to exploit these altered cellular pathways. For example, modulation of mitogen-activated protein kinase (MAPK) pathways is essential for infection and replication of hepatitis B virus, EpsteinBarr virus, and vaccinia virus (6, 13, 59) . Deregulated cellular signaling pathways can also contribute to the pathogenesis induced by viral infections (47) .
Multicellular organisms have three well-characterized subfamilies of MAPKs that control a vast array of physiological processes (23) . These enzymes are regulated by a characteristic phosphorelay system in which a series of three protein kinases phosphorylate and activate one another. The extracellular signal-regulated kinases (ERKs) are widely expressed and are involved in the regulation of meiosis, mitosis, and postmitotic functions in differentiated cells. Many different stimuli including growth factors, cytokines, and virus infection activate the ERK pathways. Inhibitors of these enzymes are being explored as anticancer agents (52) . The c-Jun NH 2 -terminal kinases (JNKs) were isolated and characterized as stress-activated protein kinases on the basis of their activation in response to the inhibition of protein synthesis. JNKs were then discovered to bind and phosphorylate the DNA binding protein c-Jun and increase its transcriptional activity. c-Jun is a component of the AP-1 transcription complex, which is an important regulator of gene expression. JNK inhibitors may be effective in controlling rheumatoid arthritis (16) . p38 MAPKs regulate the expression of many cytokines. p38 is activated in immune cells by inflammatory cytokines and has an important role in the activation of the immune response (1) .
It is well known that baculovirus infection alters both host protein and host mRNA levels. Infection typically causes a global shutoff of host protein synthesis and gene expression in insect cells beginning at around 12 to 18 h postinfection (p.i.) (hpi) (29, 42, 46) . Conversely, particular host genes are induced or remain stably expressed until the late stage of baculovirus infection. Quadt et al. previously observed a dramatic increase in the levels of TATA-binding protein (TBP) during the late phases of Autographa californica multiple NPV (AcMNPV) infection and proposed a role for TBP during late viral transcription (50) . By using expressed-sequence-tag analysis of Bombyx mori NPV (BmNPV)-infected BmN cells, Okano et al. showed that the expression of cytochrome c oxi-dase 1 was stable until 24 hpi (44) . Similarly, using a differential display approach, Nobiron et al. found that a heat shock protein 70 cognate of Spodoptera frugiperda Sf9 cells is transiently induced at 6 hpi during AcMNPV infection (42) . Nonetheless, the mechanism of viral modulation of host mRNA levels remains largely unknown due to a dearth of information on the signaling cascades with which baculoviruses interact during their infection.
To begin to identify the signaling pathways induced by baculovirus infection, we examined the involvement of host MAPK pathways on BmNPV infection. Using chemical inhibitors and double-stranded RNA (dsRNA), we show here that two B. mori MAPKs, BmERK and BmJNK, are required for efficient infection by BmNPV. This is the first report to explore the signaling pathways of baculovirus-infected host cells.
CTCAGGTAGTGGTTGTCG-3Ј) for egfp. BmN cells (5 ϫ 10 5 cells) were transfected with 5 g of dsRNA using Cellfectin reagent (Invitrogen). Twenty-four hours after transfection, cells were infected with BmNPV at an MOI of 5. Three days after infection, culture medium was harvested, and OB production was examined. BV production was determined by plaque assay. Knockdown of BmErk and BmJnk was examined at 24 h posttransfection by Western blot analysis using anti-ERK and anti-JNK, respectively. cDNA cloning of BmJnk. To determine the sequence of the full-length cDNA of BmJnk, we screened B. mori cDNA libraries (41; T. Shimada et al., unpublished data) and found two clones (ce-1787 and NV021723) showing homology to the product of basket, Drosophila melanogaster JNK. Their nucleotide sequences were determined using the ABI Big Dye Terminator Cycle Sequencing Ready Reaction kit (Applied Biosystems) and the ABI Prism 3100 DNA sequencer (Applied Biosystems).
Nucleotide sequence accession number. The nucleotide sequence reported in this paper has been submitted to the DDBJ/EMBL/GenBank Database under accession number AB302934 (BmJnk).
RESULTS

Effects of inhibitors of MAPK pathways on BmNPV infection.
To examine whether MAPK activation is involved in BmNPV infection, we assessed the effects of specific inhibitors on the MAPK pathway components ERK kinase (inhibitors U0126 and PD98059), JNK (inhibitor SP600125), and p38 (inhibitor SB203580). We first measured OB production in BmNPV-infected BmN cells incubated with or without these inhibitors. As shown in Fig. 1A and B, treatment with U0126, PD98059, and SP600125 significantly reduced OB production (64%, 39%, and 88% reduction with 10 M of U0126, PD98059, and SP600125, respectively), whereas SB203580 had no effect. SP600125 had the strongest effect on OB production. SDS-PAGE analysis indicated that U0126, PD98059, and SP600125 also inhibited polyhedrin protein expression, suggesting that the reduced OB production by U0126, PD98059, and SP600125 was due to the inhibition of polyhedrin synthesis (Fig. 1C) .
We then assessed the effects of these inhibitors on BV production at 72 hpi. As shown in Fig. 2A, U0126 , PD98059, and SP600125, but not SB203580, significantly reduced BV production in BmNPV-infected BmN cells. SP600125 was, again, the strongest suppressor of BV production. Taken together, these results suggest that the activation of MAPK pathways involving ERK and JNK, but not p38, is required for the efficient production of OBs and BVs during BmNPV infection.
A cell viability experiment was conducted to assess whether the observed reductions in OB and BV production by inhibitors were caused by cytotoxicity. BmN cells were infected with BmNPV and treated with 10 M of inhibitors, and cellular metabolic activity was measured by cleavage of a tetrazolium salt, WST-1 (Fig. 2B) . No decrease in cell viability compared to DMSO-treated cells was observed during BmNPV infection, indicating that the effects of MAPK pathway inhibitors on OB and BV production were not associated with cytotoxicity.
MAPK pathway inhibitors reduce OB and BV production at the late stage of infection. To more specifically identify the stage of BmNPV infection that the inhibitors targeted, we examined OB or BV production after applying the inhibitors at different time points p.i. As shown in Fig. 3 , the inhibitors significantly reduced OB and BV production to different extents at 12 hpi, showing that the reduction of BmNPV infectivity by these inhibitors occurs at the late stage of infection. However, the effects of U0126 and SP600125 on BmNPV infection were slightly different. Whereas U0126 and SP600125 caused significant reductions in OB and BV production, the effect on OB production was reduced for SP600125 when it was applied after 12 hpi and for U0126 and SP600125 when they were applied at 24 hpi. Also, we observed that the effects of U0126 and SP600125 on BV production were significantly reduced when applied at 24 hpi (Fig. 3) . These results indicate that U0126 modulates BmNPV infection mainly after 12 hpi, whereas SP600125 affects infection from 12 hpi, suggesting that the activation patterns of ERK and JNK might be different during BmNPV infection in BmN cells. MAPK pathway inhibitors reduce or deregulate expression of viral delayed-early, late, and very late gene products. It was likely that inhibitors of MAPK pathways reduced BmNPV infectivity by modulating the late stage of infection. We thus examined the effects of these inhibitors on the expression of BmNPV gene products. Western blot analysis showed that the expression of the immediate-early gene product IE1 in cells treated with U0126, SP600125, or SB203580 was comparable to that observed in DMSO-treated cells (Fig. 4) , suggesting that these inhibitors had little effect on the expression of immediate-early gene products. Also, we observed that the expression of DBP, which is encoded by one of the BmNPV early gene, was not affected by the inhibitors. However, the expression patterns of two delayed-early gene products, LEF3 and BRO, were different from those observed in DMSO-treated cells: LEF3 expression was significantly reduced in U0126-or SP600125-treated cells at 8 hpi, but its level returned to a similar level at 12 hpi compared to that observed in DMSOtreated cells (Fig. 4) . Similarly, the expression pattern of BRO in U0126-treated cells was markedly reduced at 8 hpi, but the level of its expression was comparable to that of DMSOtreated cells at 12 hpi. Interestingly, the pattern of BRO expression in SP600125-treated cells was quite different from that observed in DMSO-or U0126-treated cells: BRO expression in SP600125-treated cells gradually increased and peaked at 24 hpi, although its expression in DMSO-and U0126-treated cells was very low at 24 hpi (Fig. 4) . Expression levels of late (GP64, V-CHIA, and V-CATH) and very late (Polh) gene products in cells treated with U0126 or SP600125 were also much lower than those observed in DMSO-treated cells (Fig. 4) . This was consistent with the finding that polyhedrin expression in cells treated with U0126 or SP600125 was markedly lower than that in DMSO-treated cells (Fig. 1C) . These results suggest that U0126 and SP600125 reduce or deregulate expression of viral delayed-early, late, and very late gene products. In addition, we examined p38 activation during BmNPV infection and found that p38 was also activated by BmNPV infection from 12 hpi to 24 hpi (Fig. 5) .
Dependence of BmNPV-induced ERK and JNK activation on viral MOI. The level of BmNPV required to induce the activation of ERK and JNK in BmN cells was examined. At an MOI of 1, a low level of ERK or JNK activation was observed at 24 hpi as assessed by Western blotting (Fig. 6 and 7) . Strong activation of ERK or JNK was seen at an MOI of 5 or 20. The peak of activation was shifted to earlier stages of infection when BmN cells were infected with BmNPV at an MOI of 20 ( Fig. 6 and 7) . These results suggest that BmNPV-induced ERK and JNK activation depends on viral MOI. significantly reduced by dsRNA for BmErk and BmJnk, respectively, compared with that in cells transfected with egfp dsRNA (Fig. 8A) . In contrast, actin expression was not affected by dsRNA transfection. Next, we examined the effects of dsRNAmediated knockdown on OB and BV production. As shown in Fig. 8B , the knockdown of BmErk and BmJnk resulted in a reduced production of OBs in BmNPV-infected BmN cells. BV production was also reduced in either BmErk-or BmJnkknocked-down BmN cells (Fig. 8C) , suggesting that BmERK and BmJNK are involved in OB and BV production. Taking these data together with the results obtained by using chemical inhibitors, we conclude that the activation of ERK-and JNKdependent signaling pathways is required for efficient infection by BmNPV.
Knockdown of BmErk or BmJnk reduces OB and BV production in BmNPV-infected BmN cells. To verify the effects of ERK kinase and JNK inhibitors on BmNPV infection
vFGF is not required for ERK and JNK activation during BmNPV infection. In mammals and Drosophila, fibroblast growth factors (FGFs) have been reported to activate MAPK pathways via cell surface FGF receptors (35, 45, 49) . Recently, we found that a BmNPV-encoded FGF, vFGF, is secreted from BmNPV-infected BmN cells and induces cell migration by activating its receptor, BmBtl (27, 30) . To examine whether the FGF-BmBtl pathway is required for MAPK activation during BmNPV infection, we assessed the activation of ERK and JNK in BmN cells infected with BmFGFD, a BmNPV mutant lacking functional vfgf (31) . Western blot analysis showed that, as observed in BmNPV T3-infected cells (Fig. 9A) , BmFGFD infection clearly activated ERK and JNK in BmN cells (Fig.  9B) , suggesting that vFGF is not essential for ERK and JNK activation during BmNPV infection.
DISCUSSION
Infection with a wide variety of viruses can result in the perturbation of host cell signaling pathways including MAPK cascades. Some viruses show a dependence on the ERK signaling cascades for replication, and viral proteins inducing ERK activation have been identified (2, 22, 24, 34, 38, 39) . Virus-induced activation of two other MAPKs, JNK and p38, has also been described (9, 18, 20, 36, 40, 48, 53, 58) . However, to date, the signaling pathways induced by baculovirus infec- tion are largely unknown. In this study, using chemical inhibitors and dsRNA-mediated gene knockdown, we discovered that two MAPKs, ERK and JNK, are involved in the efficient infection of BmN cells by BmNPV. This is the first direct evidence that baculoviruses modulate the signaling pathways of infected host cells. We examined the effects of inhibitors of MAPK pathways on BV and OB production and found that U0126, PD98059, and SP600125 significantly reduced the production of BVs and OBs (Fig. 1) . Western blot analysis also clearly showed that these inhibitors markedly inhibited the expression of delayed-early, late, and very late gene products of BmNPV (Fig. 4) . These results suggest that the activation of ERK and JNK plays important roles in the regulated expression of BmNPV gene products.
Baculovirus pk1 encodes a serine/threonine protein kinase that is expressed during the beginning of the late and throughout the very late phases of AcMNPV infection (51). Fan et al. previously reported that temperature-sensitive mutations in pk1 of AcMNPV completely blocked very late gene expression (11) . Also, deletion analysis showed that BmNPV pk1 is essential for virus replication in BmN cells (15; S. Katsuma and T. Shimada, unpublished results), suggesting that the phosphorylation of host and/or viral proteins by PK1 is required for virus replication. We propose a possibility that BmNPV PK1 might be involved in the pathways of Bombyx ERK and/or JNK ac- tivation. In this study, we do not clarify the molecules that activate these two MAPKs and/or that directly affect the expression of BmNPV gene products interacting with the MAPK pathways. We are now attempting to identify the host or viral proteins involved in these cascades.
In our previous work, we cloned and characterized an FGF homolog, vFGF, of BmNPV (27) . BmNPV vFGF is secreted from BmNPV-infected BmN cells, phosphorylates a cell surface receptor, BmBtl, and induces cell migration (30, 32) . Furthermore, we recently reported that the deletion of vfgf from the BmNPV genome causes a delay in BV production and a reduction in the level of polyhedrin expression in BmN cells (31) . These results suggest that vFGF can activate or modulate host signaling molecules downstream of the vFGF-Btl cascade, resulting in cell motility and viral late gene expression. In mammals and Drosophila, FGFs have been shown to activate MAPK pathways via cell surface FGF receptors (35, 45, 49) . Thus, we speculated that vFGF might activate MAPK pathways in BmNPV-infected BmN cells. However, we observed that BmFGFD infection activated ERK and JNK in BmN cells, convincingly showing that vFGF is not required for MAPK activation during BmNPV infection. BmNPV vFGF must therefore regulate BV and OB production by modulating proteins other than ERK and JNK in BmN cells.
Detvisitsakun et al. previously characterized the properties of AcMNPV vFGF (7) and reported that an AcMNPV mutant lacking functional vfgf displayed no striking phenotype in Sf21 or TN-368 cells in terms of BV production, protein and DNA synthesis, and growth advantage (8) . Further experiments have shown that U0126 significantly reduced OB and BV production in AcMNPV-infected Sf9 cells, suggesting that the ERKmediated cascade might be a common pathway for OB and BV production among NPVs (Katsuma and Shimada, unpublished). These results also suggest that vFGF does not play an important role in ERK activation during infection by these two NPVs.
Baculovirus infection can induce a number of perturbations of host cell properties including alteration of the cellular cytoskeleton (3), arrest of the cell cycle in G 2 /M phase (19) , and global shutoff of host protein translation. Previous studies have shown that mRNA levels of actin, histones, heat shock protein 70 (46) , and the translation initiation factors eIF4E (57) and eIF5A (56) were substantially reduced from 12 to 24 h following infection with AcMNPV. In contrast, a dramatic increase in TBP was observed in AcMNPV-infected TN-368 and Sf21 cells (50) ; those authors also showed that TBP localized to viral DNA replication centers at the late stage of infection, suggesting a role for TBP during late viral transcription. In the present study, we revealed that the inhibitors of ERK kinase and JNK significantly reduced the expression of delayed-early, late, and very late gene products (Fig. 4) . This indicates that the activities of ERK and JNK during BmNPV infection are required for the efficient expression of these viral gene products. We further observed that the protein levels of ERK and JNK remained unchanged until 24 hpi in BmNPV-infected BmN cells (Fig. 5) . Collectively, these results suggest that host proteins that play important roles in baculovirus infection are selectively increased or escape from the global shutoff, even at the late stage of infection.
In summary, we have shown that the activation of ERK-and JNK-dependent signaling pathways is required for efficient infection by BmNPV. We are currently searching for other molecules that could be activated by BmNPV infection to further delineate the cellular signaling pathways involved in baculovirus infection. By discovering the host signaling cascades that baculoviruses utilize during infection, we may elucidate the mechanism by which baculoviruses can trigger a global shutoff of host protein synthesis and gene expression in host cells. 
